This is a quasi-review paper which defines and then places Computational Air Traffic Management (CATM) in a historical context. CATM is presented as the natural convergence of many, seemingly disparate, air traffic technologies that have evolved over the past two decades. It is the emergent order which is derived from the collective behaviour of a number of interacting systems. A distinction is initially made between strategic air traffic management (ATM) and tactical air traffic control (ATC). This distinction ebbs in CATM and the intimately intertwined relationship between ATM and ATC is accentuated. The features of an ideal ATC system are discussed and developed objectively in contrast to current systems. The requirements are based on a high level top-down approach, but also look at the time-proven characteristics that allow the current ATC system to function so surprisingly well. An inventory of the interesting research questions in the overall CATM picture is therefore gradually drawn-up along the discussion to indicate areas with insufficient research coverage.
Introduction
The ATM research community is somewhat fragmented with numerous newcomers providing a plethora of disconnected contributions from many adjacent fields, but yet, ATM still lacks a unifying theoretical framework within which researchers can embed their roots and make sense of the bigger picture. This seems to indicate that the ATM research community is still very much in its infancy [1] . Given the world economy's dependence on air transport, this is disconcerting, particularly after witnessing the vulnerability of the sector to a single volcanic event which shaved off 29% of the global traffic for the best part of a week, leaving 10 million passengers stranded and €4 billion in economic losses [2] .
The holy grail of ATM rests undefined and there is still a general lack of direction in the community's research efforts. The practising Air Navigation Service Provider (ANSP) community is on the other hand, a seasoned and veteran community, which is very much set in its ways, but has nonetheless been living in the shadow of an overhaul for some time. The last decade has witnessed the emergence of two large multi-billion-dollar research and deployment initiatives, one on each side of the Atlantic: NextGen (USA) [3] and SESAR (EU) [4] . These projects enjoy the political backing necessary to rock-the-boat and aim to collaboratively bring the benefits of increased automation and modern information technology to the aging ATC infrastructure [5, 6] .
However, neither NextGen nor SESAR are poised to finish the job. Yet, they have certainly set the ball rolling -faster than ever. The increased reliance on automated arrival (AMAN) and departure (DMAN) sequence management, fast-time air traffic simulation for air traffic flow management (ATFM), system wide information management (SWIM), ADS-B, trajectory optimization, and the emergence of concepts such as free-flight, self separation, distributed control, 4D business trajectories (4D-BT), target windows and collision detection and resolution (CD&R), seems to point towards the emergence of a new unifying ATC paradigm.
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We call the new paradigm "Computational Air Traffic Management" (CATM) to emphasize the fact that numerical processing and computational emulation will underpin all decision-making in these gradually emerging ATC systems. Higher fidelity online modelling of traffic patterns, weather, aircraft and airports provide the means for generating quasideterministic, fuel-efficient and conflict-free trajectories for entire fleets.
So what will succeed SESAR and NextGen? This paper builds the case for a Computational Air Traffic Management concept which attempts to address the various shortcomings of both conventional and augmented ATC while charting one possible path of evolution to extend from where SESAR and NextGen are likely to fall short.
The Nature of the ATM-ATC Problem
In order to analyse the complexities of the ATM-ATC relationship it is worth reviewing the precise nature of these two subsystems and the type of problem they seek to address. Notwithstanding the semantic difference, ATM and ATC tend to be used interchangeably in the literature. In some sense ATM is a generalisation of the concept that often includes ATC. However, we prefer to maintain the distinction.
Air traffic is subject to a very wide variety of chaotic influences and has to be able to deal with contingencies. Inclement weather, late boarding, industrial action, malfunction, pilot error, accidents, and the occasional volcanic eruption, all tend to make the system very indeterministic. Some of these disruptions are limited in scope and impact. Others tend to propagate through schedules and multiply their effect, and if unchecked, may result in far more widespread disruption. The system is the result of several highly coupled sub-systems and, from a complexity perspective, it means that the ensuing problem has all the makings of an intractable logistical nightmare.
Yet, (so far), the established ATM/ATC mechanism still seems to be working remarkably well and the level of safety is quite acceptable. So what is really going on? How can this be possible, given the problematic nature of the task?
There are indeed five underlying characteristics which have rendered the problem of coordinating air traffic tractable in practice, and any future evolution or drive towards further automation, would be well advised to take stock of these properties:
x Inbuilt Slack x A Diurnal System-Resetting Cycle x Pre-flight Planning (ATFM) x Slack Redistribution (also ATFM) x Hierarchical Authority Devolution Since the system is so intrinsically chaotic, it depends on the presence of sufficient room to manoeuvre, or 'slack', in order for it to be able to reorder and readjust around contingencies. This effectively translates into a measure of flexibility and therefore, robustness [7] . Slack is present in every aspect of operation, such as vacant take-off/landing runway slots, generous air-separation minima, nonminimum-length trajectories and lax scheduling. Perhaps the greatest contribution comes in the form of the widespread traffic curfews that are imposed every night at many airports [8] . These have the effect of resetting the air traffic system diurnally which in turn reduces the risk of carrying over disruption from one day to the next. However, slack also equates to inefficiency and reduces the utilisation factor of some very expensive infrastructure. As the environmental and noise footprint of modern aircraft decreases, it is likely that economic forces will eventually erase such curfews. Hence, while critical to the reliability of the system, slack cannot be inserted indiscriminately and the pressure is mounting to use it more judiciously.
The pre-flight planning function is performed by Air Traffic Management. ATM (as opposed to ATC), is a primarily strategic and pro-active activity that tries to pre-empt conflict and congestion through forecasting and planning. Using a centralised air traffic flow-management (ATFM) unit, it gathers information from a number of sources such as ANSP capacity, flight schedules, weather forecasts and other NOTAMs to optimise airline flight plans as much as possible right up to the moment of flight. So the role of ATM is to facilitate the subsequent ATC problem by ironing-out most of the uncertainty.
On the other hand, Air Traffic Control is the tactical arm of the system and deals with the day to day variability which inevitably remains within the system. ATM ensures that ATC will only have to deal with the occasional flight interaction that comes about because of the said variability. Most of the 1B6-3 potential conflicts are ironed-out by ATM at the planning phase in order to ensure that the ATC system (which includes the pilot) is never overwhelmed. In fact, iff the system were perfectly deterministic, tactical traffic coordination could be rendered unnecessary. Aircraft would simply follow their own pre-computed, conflict-free trajectories and ATC would therefore become redundant.
The way things stand today, the slack redistribution function is an accidental consequence of ATC, which adopts a reactive approach over a restricted space/time horizon to deal with potential conflicts, a few minutes before they turn into dangerous losses of separation. When such conflicts are detected, aircraft trajectories are reordered in a way that resolves the original problem. Slack is consumed or redistributed during this process. However, the process is rather crude and is wasteful of this valuable resource. Some pioneering work has been reported to better manage the slack in airline schedules [9] , [10] but little has been done to optimally manage the slack present in the actual aircraft trajectories and across multiple airlines.
Finally, the ATC problem is considerably simplified by the devolved nature that ATC has embraced over the decades. Due to historical limitations in communication infrastructure, ATC had no choice but to evolve into a hierarchically-flat system whereby decision-making occurs in a decentralised fashion with limited lateral interaction. It consists of a self-organising collection of agents operating independently across a large number of air traffic control centres. Some degree of centralisation commenced many years later, with ATFM, but it still did not fundamentally change the way ATC operates.
ATC is a living example of Swarm Intelligence. No individual decision-maker needs to do very much, or even appreciate the full extents of the problem, yet collectively, they address the ATC problem in a remarkably effective way [11] . The rules of ATC are such that overall, each air traffic controller (ATCo) contributes to the global ATM problem by taking responsibility of a small sector of airspace. The collective, (but independent) actions of all ATCos solve the ATM problem. This behaviour is ultimately responsible for the relatively high capacity of the system.
In this paper, Computational Air Traffic Management is described as an integrated solution that merges both ATC and ATM into a common framework that no longer needs to distinguish between the two. The best features of the current system are retained and combined with a variety of novel concepts that enhance capacity, performance and reliability. The basic tenet of CATM is that through the provision of sufficient computational, communication and surveillance resources, the system update rate can be realistically increased to the point, where over the duration of each system time-step, the traffic scenario advances by a negligibly small amount -and this is a game-changer.
At these time scales, the distinction between ATM and ATC blurs. The difference between the purely tactical and strategic phases degenerates and most phenomena that can affect the traffic scenario can now be predicted with sufficiently high certainty over an appreciable number of time-steps. So in a sense, tactical processes are absorbed into a single pseudo-strategic planning process which has a continuous span of influence that ranges from a short term horizon of a few seconds, to a much longer term horizon lasting many months. Therefore by raising the system update rate, CATM encompasses the roles of both ATM and ATC -more on this later.
Characteristics of an Ideal ATM System
The definition of an ideal ATM system is quite subjective. However, the ICAO defines 11 key performance areas (KPA) for ATM and these have been formally adopted by SESAR (and more loosely in NextGen) as basic guiding principles [12] :
x Capacity x Access and Equity x Efficiency x Cost Effectiveness x Safety x Global Interoperability x Flexibility
x Participation x Predictability x Security x Environmental Sustainability These KPAs cluster naturally into groups which bind themselves to the layered systems approach (Figure 1 ) often described in the community [13] . These layers interact by setting performance demands in one direction and imposing constraints in the opposite direction. Notwithstanding their importance, one finds that the ICAO KPAs are fairly generic and stack up too high in the top two layers. This makes these KPAs hard to translate into specific algorithms, 1B6-4 making them less useful to the engineer tasked with designing Layer-5 technologies.
Figure 1. Layering of Performance Concepts [13]
For this reason, a number of additional KPAs are hereby proposed for the lower two layers, which effectively translate the ICAO KPAs into a language that is closer to what is useful for practical algorithm design and development.
Ɣ Scalability, with the number of aircraft -This implies that ATC capacity can indefinitely increase in lockstep with traffic density and demand, without seizing up. In practice this means that the requirement for ATC resources increases logarithmically (log n), linearly (n), or at worst, polynomially (n c ), with respect to an increase in traffic. Ź Currently this is certainly not a strong point of the today's ATC system. As the traffic density increases, the airspace has to be broken down into ever smaller sectors and more controllers have to be brought in [14] . This creates an undue workload on the pilot who needs to hand-over too frequently between sectors. It also hogs and clutters the limited radio bandwidth available. At high traffic densities, the coordination effort required essentially becomes unsustainable. This limited capacity detracts from the cost effectiveness of ATC which filters down to consumers in the form of higher travelling costs.
Ɣ Robustness, with no single point of failureThe physical architecture of ATC should be such that no failure of any single piece of equipment or any damage to a finite region can bring the entire system down. Essentially, the only way to achieve this is with multiple redundancies across a wide area. This ensures that ATM functionality is highly distributed and a good way of achieving this is to make it airborne. Ź Currently, ATC is only modestly distributed. Although the ATC problem is divided between tens of thousands of ATCos, most decision making is still centralized inside a handful of locations (ATCTs, TRACons and ARTCCs) sharing a limited amount of hardware. These nodes are critical single points of failure, that in-turn make the system vulnerable to malfunction or terrorist attack. ATFM is by its very nature even more centralised. The problem is that pilots become quite helpless in dense traffic if regional ATC services shut down suddenly, jeopardising system safety and security Ɣ Collective Optimality in terms of cumulative environmental impact -From an environmental perspective it is pointless optimising one aircraft trajectory to reduce emissions at the expense of the efficiency of other trajectories. What matters is the collective environmental impact of all airspace users. The goal of reaching a minimum carbon footprint can only be achieved by treating it as a worldwide (or continental) optimisation problem. Ź Unfortunately, environment protection takes a low priority in conventional ATC. The focus on safety can easily swamp an ATCo's motivation to mitigate fuel burn or environmental impact. In addition, human ATCos lack the depth of visibility to predict 2 Ɣ Multi-Objective Optimality -ATM should be subject to optimisation; however, there are numerous parameters and environmental interactions to take into account. Optimising with respect to one costfunction generally implies sub-optimal performance with respect to others. However, multi-objective ATM optimisation tackles this problem by optimising the system globally along a Pareto-front. By optimising across several variables at once it can reach a better compromise between the various conflicting requirements. Ź ATC attempts to do this in a poorly structured and ad-hoc fashion. Much more automation would be required for it to be able to tackle this aspect rigorously and methodologically and reach its goal of efficiency and cost effectiveness.
Ɣ Stateful Control -During the execution of any flight, a good ATM system should keep track of the state of each flight. It should be aware of the optimal trajectory and should issue the fewest and smallest deviations from this prototype trajectory. As far as possible, any variation should take into account all previous and future interventions on that trajectory in order to treat it equitably. Ź At the moment, ATC intervention and traffic deviations occur as necessary with little consideration for their cumulative effect on Ɣ Load Balancing across multiple resourcesIdeally ATM should have an inbuilt load balancing mechanism that spreads demand for runway/airspace capacity over time to ensure that each resource is fully utilised at all times of day, averaging out peaks with troughs in demand. This is another way of saying that slack needs to be evenly distributed in a controlled fashion. Ź Contemporary ATC does a fairly good job at many of the major airports. For instance, London Heathrow's two runways are utilised at near full capacity, but only during daytime. Additionally, the load balancing process is still quite crude and only works in nominal situations.
Ɣ Continuous Adaptability in relation to new circumstances -Air traffic scenarios are highly dependent on uncontrollable factors such as the weather, accidents, boarding delays, or industrial action. In any of these scenarios, a rigid ATM system is highly suboptimal. Most contingencies develop gradually. An ideal ATM system should be able to utilise all available information to bend around such contingencies, just as gradually as they evolve. Such a system would therefore avoid the creation of traffic conflicts at the outset, rather than reacting to them when discovered. Ź Today, the update rate in the ATC system is excessively low and bottlenecked by slow voice-based communications. Information flow is asymmetric and processing is hampered by human limitations. This limits the speed at which ATC can react to changing scenarios which in turn limits the maximum number of aircraft that can be handled by any single ANSP at a given time. (The Icelandic ash cloud saga comes to mind). Predictability is also negatively affected.
Ɣ Resilience, in relation to disruption or perturbation -This ties with the previous point in that an ideal ATM system must be capable of rapidly reorganising itself in terms of structure and priorities. The system must quickly reach a new collective optimum after any change in operational conditions or constraints. Ź ATC, as it stands, is unable to utilize real-time information effectively which limits its flexibility. This is arguably one of the underlying causes behind the European meltdown of the air traffic system in the wake of the April 2010 Icelandic Eyjafjallajökull volcanic eruption. The ash cloud dispersion mechanism was quite inhomogeneous and many windows of opportunity existed for safe flight. However, even with detailed real-time ash concentration information becoming available, the ATM system failed to reconverge fast enough to a new viable air traffic pattern that exploited the many windows of opportunity effectively. The crude solution adopted by the industry was to raise the maximum permissible volcanic ash concentration.
Ɣ Prioritisation depending on service agreements and emergencies -Some air traffic is more important that other traffic. This means that airlines should be able to request (possibly against payment) different priority levels over the use of limited airspace. Emergency traffic should have a means of being granted top priority at short notice. Ź ATC already performs a certain degree of traffic ordering and regulations ensure that it will prioritise any traffic in distress. However, this is not done very gracefully and tends to disrupt excessively the harmonious flow of surrounding traffic.
Ɣ Penalty Dispersion for unforeseen eventsReorganizational changes to the ATM operational equilibrium caused by disruptions must be performed in an equitable manner such that no party is disproportionately penalised. The overheads introduced by unexpected scenarios should be shared by all members of the airspace such that the effect is diluted and everybody is given equal access to the airspace. Ź ATCos lack a comprehensive picture of the complete traffic scenario. This makes it impossible for them to take coordinated decisions across large numbers of aircraft. At present, the sharing of disruption overhead is more accidental than premeditated.
Ɣ Interoperability with numerous GIS's such as meteorological data sources, noise-sensitivity of urban areas, population density, airspace restrictions, ecologically sensitive areas, volcanic ash distribution and other such dynamic databases -An ideal ATM system should lend itself to be easily interconnected with geographical information systems (GIS) such that the latest relevant information is available to the optimisation engine. Ź Although ATC is fairly tightly coupled to meteorological data sources, too much detail risks serving the ATCo with an information overload. Hence, despite the availability 1B6-6 of countless other sources of useful information, limited ATCo processing capacity precludes the possibility of digesting it in a timely fashion. In contrast, Global Interoperability in the ICAO sense, is a political matter rather than a technical one and only widespread adoption of the same guiding principles would guarantee any degree of international harmonisation.
Ɣ Predictive Ability -An ideal ATM system should be able to forecast the (short term) future air traffic status in order to avoid any build-up of traffic congestion. This also improves contingency planning. Ź ATFM currently does a fairly good job of this, by extrapolating flight plans. However, there exists no technological measure to guarantee that pilots will execute such plans to the letter or that they will inform ATC of new plans before they depart from their agreed flight plans. ATC is overly-reliant on mutual pilot/ATCo trust.
SESAR and NextGen
The stated goals of both SESAR and NextGen do not differ by much, mostly as a result of the strong political and practical effort to harmonize the developments on both sides of the Atlantic, [5] , [6] . In essence, both aim to reduce (but not remove) the need for human tactical intervention by emphasizing on strategic de-confliction.
Underlying these projects is the notion of aircraft explicitly sharing their intent with ANSPs in the form of detailed 4D trajectories as opposed to the current model of merely extrapolating future motion based on past radar trails. Needless to say this necessitates a new breed of communication infrastructure that is built around net-centric principles using data-links and SWIM [15] . The timely distribution of weather information also takes a very central role in these projects, because an accurate and coherent continental weather-picture goes a long way to reduce system uncertainty.
Despite the fairly long timescales of these projects (10-15 years), their conservative nature is evident. Both projects will re-partition the tasks traditionally associated with the controller and pilot, but the human is still intended to remain ultimately responsible for separation assurance. This also forms the basis for handling the problem of mixed equipage. Most new technologies are in effect tools to facilitate the human's role in the system, (CPDLC [16] , AMAN [17] , DMAN [18] , STCA [19] etc…).
The Emergence of CATM
The first major push to shift the current ATC modus-operandi traces back to the mid 1980's when the ICAO set up the Future Air Navigation System (FANS) committee [20] -but the wheels of change in ATM grind very slowly, and despite profuse publication, implementation does not keep the same pace. After three decades of consideration, FANS is still far from universally adopted. There have since been many other attempts to re-think the ATM problem even deeper, and with the benefit of 25 years of hindsight, one may attempt to isolate and extrapolate a gradual trend in the general direction of development.
The many Communication, Navigation and Surveillance (CNS) initiatives seem to be coalescing into ever larger projects. When NextGen and more particularly SESAR came along, they had a mandate to make sense and absorb the myriad smaller projects and their fallout. There were indeed many such efforts which sprouted reactively to produce tools which deal with specific problems. Yet the proliferation of too many tools is probably not a good thing. Fragmentation and the associated rise in complexity is detrimental to the system's performance and stability and it is the limitations of the human ATCo that spur the development of new tools to fill-in the gaps. It is probably amidst this realisation that these mega-projects (SESAR and NextGen) gained traction.
Hence another soon-observable trend will be the gradual reduction in the number of components that make up the system in favour of simpler, overarching, paradigms that are applicable to a wider portion of the ATM problem. Automation seems to be the coagulating agent, and as the human is gradually, but surely, driven out of the inner loop, ATM is likely to witness a drastic simplification. This convergence is likely to give rise to CATM. 
Free Flight
A defining feature of CATM is the devolution of control to the cockpits and this idea traces its roots to the mid-1990's. This impetus for a paradigm shift in ATM became known as free-flight [21] , which places the onus of traffic separation on the pilot. The concept was fairly general and remarkably simple but it initially met some stiff scepticism because it predated much of the necessary infrastructure and safety-net functions [22] . Free flight is touted for what is today defined as controlled airspace, thereby removing one major distinction between visual and instrument flying rules (VFR, IFR). In many ways it can be seen as extending VFR into controlled airspace. Like VFR, it generally relies on enroute traffic sparsity to allow pilots to safely fly direct routes with little risk of interacting with surrounding traffic [23, 24] . This was validated through humanin-the-loop simulation in sparse regions through projects such as "Mediterranean Free Flight" [25] , [26] . When compared to the capacity/safety ratio of current methodologies, the concept is hard to refute [22] . Sparsity is further maximised by allowing traffic to break-free from the classic rigid airway structure [27] . Aircraft are instead allowed to spread out and fill the airspace, thereby diluting the traffic density and enhancing capacity. The low traffic density results in rather infrequent interactions, and for those rare occasions, pilots would be assisted with a wealth of cockpit-based, conflict detection (CD) technology to highlight potential conflicts. Such technology may even be empowered to generate and suggest conflict resolution manoeuvres to the pilot (CD&R).
However, at high traffic densities, such as those encountered in terminal areas (TMAs) and other traffic hotspots, pilots are unlikely to cope with the full extent of free flight. The sheer combinatorial explosion of possible manoeuvres and associated outcomes makes it impossible for humans to safely cope in completely unstructured airspace. The mere devolution of responsibility to the pilots does not help in such scenarios. The requirement is for a traffic system that narrows down the possibility-tree, to make cockpit-based airborne separation, tractable. Hence the next step towards CATM seems inevitable.
The Role of the Human ATCo
For a while, free-flight was the source of much apprehension among the ATCo community [28] . For many it meant that the ATCo would be left with a vestigial role, or possibly, no role at all and ANSPs are now in the process of redefining themselves [29] .
If the cockpit assumes the main task of airborne self-separation, ANSPs could possibly take the role of system watchdogs. However, a largely passive, monitoring role is considered detrimental from a human factors perspective [30] because humans are notoriously ineffective at monitoring systems with low event rates. Despite the best intentions, humans will gradually lose their state of vigilance as their perceived likelihood of an event diminishes [31] . Hence, because of this vigilance decrement, sparse traffic and very low workload may be ironically linked to various types of accidents.
Even though ANSPs represent less than 4% of total air transport employment, they still exert a tremendous influence on the general development of the entire industry, SESAR and NextGen. For these reasons it is likely that for the interim, human ATCos will continue to hold a very active "inner-loop" role. Therefore, it is unsurprising that in both SESAR and NextGen, the human controller is given prominence and this will fundamentally influence what can or cannot be achieved in these projects.
One of the failure modes of ATC stems from the over-reliance on the human-in-the-loop, and pilots in "free-flight" are unlikely to fare any better. So the mere delegation of separation to human pilots does little to improve matters in this regard. Indeed, in most forms of transport, human hypovigilance is a major source of accidents. Over the past 5 decades, human pilots and controllers collectively account for over half of all the fatal hull-loss accidents in aviation [32, 33] . ADS-B [36] ). Since then, ASAS has been developed and tested extensively in a number of European and US research programs, most notably ASAS-TN, MFF, CoSpace and SafeFlight-21. The ICAO has also been taking ASAS quite seriously and there is significant pressure from many stakeholders to make ASAS a reality within a few years [37] .
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ASAS and Workload Sharing
In simple terms, ASAS reduces the level of ATC intervention needed to guide aircraft along certain routes in order to reduce ATC communication and workload. This is done by issuing instructions to a downstream aircraft to select a neighbouring upstream aircraft as a target and to merge behind it while passing over a specified waypoint. A further instruction is issued to delegate (to the cockpit) the task of maintaining adequate separation between the two aircraft. Repeating this process, creates a chain of aircraft that safely follow one another all the way down to the runway with much reduced ATC involvement [38, 39] .
Distributed Control
The lack of clarity on who should bear the ultimate responsibility for separation in the airspace could raise doubts on whether delegating ATC to thousands of cockpits would be a sensible or safe thing to do [40] .
The lack of a clear authority structure leaves the ANSP community cold. However, as per the free flight school of thought, it is precisely the distributed nature of the current system that makes it relatively safe [41] . So in the interest of safety (in view of increased capacity) it would be best if ATC functions were distributed still further [42] . This dilutes the workload by ensuring that surveillance capacity far exceeds demand. Additionally, by making pilots their own air traffic controllers, the system's ATC capacity would increase in proportion to the demand.
However, distributed control, per se, is no silver bullet. The distributed system needs to be carefully crafted to ensure that the separate actions of each individual in the system uniformly contribute to the higher goal of assuring optimal separation at higher traffic densities. The need is for a well-designed, practical, distributed control/optimisation algorithm based on established theory. Likewise, CATM needs to be based on such solid theoretical foundations, if it is to offer any performance guarantees and win widespread confidence. Serendipitously, there are many such techniques which are rapidly evolving from areas as diverse as Robotics and Artificial Intelligence (AI). These were a fervent object of research of many communities in recent times.
ATC Automation
ATC automation frees the human ATCo from a very mundane, repetitive task to dedicate this valuable resource to more creative strategic design activities [43] . The progression towards CATM is inevitable and will evolve from the ever-increasing degree of integration that is happening all around us. Sub-problems with high degrees of cross-interaction will be combined and handled holistically in order to benefit from any synergistic behaviour. This is a very slow process which moves in lockstep with technological limitations, the emergence of appropriate algorithms and the standardisation of the relevant data structures.
The last two decades have seen a boom in the development of such algorithms with influence from various fields. A number of these are being classified hereunder in accordance to their degree of generality and ability to handle the problem from a holistic perspective. The evolution of CATM is being painted in terms of these algorithms and the way they seem to cluster into three categories (Figure 3) . The categories form an ordered set {A, B, C} where each new category advances the system in terms of autonomy. Each set is also a superset of the one before, and they effectively depend on the existence of each other in a sequential fashion as shown in Figure 3 . 
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Conflict detection and resolution (CD&R) is the term
given to a binary class of methods that attempt to guarantee conflict-free flight in a two-step process. They are by their very nature reactive and employ a Conflict Detection (CD) phase followed by a Conflict Resolution (CR) phase. They invariably employ some simplified model of the airspace combined with a wide variety of probabilistic, dynamic, logic-based (or combination) approaches to attempt to extrapolate the short-to-medium term evolution of the airspace situation. To pick one example, a CD technique based on Intent Inference [45] has been proposed. This attempts to estimate future pilot behaviour based on current position and motion, ADS-B intent broadcast, and detailed knowledge of the regional problem domain. However, in common with most CD techniques, the result is only a best effort attempt, which offers no guarantees of accuracy.
Similarly, CR strategies are also often unable to guarantee a solution to all possible types of conflict, even if empirical attempts to compare and demonstrate such best-effort approaches have been conducted using fast time simulation [46] . This approach may not inspire much confidence in a safety critical system such as ATM [47] , but in reality neither does the present ATM system offer any guarantees. Some of the simpler algorithms (e.g. KB3D/KB2D) have been found to be amenable to formal verification [48], but for higher levels of sophistication, this has proved elusive. An excellent and widely regarded taxonomy of both CD&R subphases may be found in [49] .
In military language, one can say that due to their reactive, tactical nature, such CD&R methods are necessarily coupled with an underlying mission controller. The airline defines the mission, the pilot executes it, and CD&R and other ATC apparatus is there to give them peace of mind. Initially CD&R would conceptually be introduced as a passive safetynet function, providing advisories (TCAS) [50] [51], later as an ATC tool (STCA/MTCD) [19] , and then as a workload-reduction function (SESAR/NextGen).
The temptation is there to turn CD&R into a direct plug-in replacement of the current ATC paradigm, save for its human-centred ground-based nature. However, this is not entirely possible without jeopardising some safety. It was amply demonstrated that at higher traffic densities, any simplistic conflict resolution scheme is likely to cause a chain reaction, leading to an increased number of conflicts for all aircraft involved [52, 53] . Thus, for full ATM automation, a higher level of sophistication is apparently required, rather than a merely reactive CD&R approach. Some form of forward looking system that can evaluate the long term consequences of any resolution advisory, seems indicated.
Unfortunately, the mathematics of complex systems disagrees with the last statement. Complex chaotic systems, especially those with such a high level of stochastic perturbation, are nigh impossible to predict too far out into the future [54] . The best that has been done in this context is to attempt to disperse localised complexity. After all, this is what ATFM is about.
Category B
A second, more advanced class of algorithms pre-empts conflicts by generating a self-consistent set of 4D aircraft trajectories at the outset, rather than detecting near-term conflicts when they occur, to then resolve them on the fly. A second defining property of a CATEGORY B system is that the candidate CATM algorithm must be capable of handling the ATM of the entire body of flying objects from take off, to landing. Notable work has been performed for the enroute phase [55] but the scope of 1B6-10 such algorithms must be widened further over all flight phases to globally handle the entire airspace.
Safety can be enhanced because, when no feasible trajectory can be calculated for an aircraft, a flight can be aborted or rescheduled before it ever leaves the runway or before it enters a high density portion of the airspace. Contentious situations are thus avoided by design rather than by reacting to them when it could already be too late. This process shifts the greater part of separation responsibility to an off-line strategic phase of ATM and there are sound engineering reasons for doing this; Much greater computational (and/or human) resources can be dedicated to an off-line trajectory planner, and the choice of alternatives available to the trajectory synthesiser, is far greater than what can be devised in a couple of minutes before an imminent conflict. SESAR seems to be moving in this direction with one of its more ambitious objectives being the introduction of the Business Trajectory. Coupled with SWIM, this will attempt to change the lingua franca of the ATM world, from sectors and segments to full 4D Trajectories. A universally accepted, efficient method of describing trajectories will have to be devised before it can become the standard currency of exchange between aircraft, airlines and ANSPs At the core of the prototypical CATEGORY B system lies a generic algorithm that combines a trajectory generator with a robust global multiobjective optimiser. There are few optimisers that strictly fit the bill and combinations of techniques are probably the best way forward.
Classical analytical techniques based on variational calculus have been around for centuries and optimal control and techniques based on Pontryagin's Minimum Principle (PMP) are very close relatives. However, such analytical methods are very limited in their utility to practical scenarios. They are also susceptible to getting trapped in local optima. Numerical (Non-Linear) Programming (NLP) has been shown to be far more generally applicable in both its Indirect, but more particularly in its Direct transcription forms. A well known survey may be found in [56] .
Although the last decade has brought with it some notable advances in optimisation techniques, reliably achieving global optimality of a non-convex search space remains elusive to both theoreticians and practitioners. Yet a number of techniques, particularly those based on biomimetics, advanced robotics and artificial intelligence (AI) look promising from an ATM perspective.
For instance, continental air traffic patterns are very reminiscent of insect swarms; the collective (including ANSPs) also behaves like a swarm of agents. In all likelihood, such a system should also be modelled and managed like the swarm it appears to be. This is based on the science of Emergent Behaviour which has its roots in 19 th century economic theory and 20 th century game theory. It has received substantial attention over the past couple of decades for its role in cybernetics. In such systems, order is not achieved through explicit design. It emerges spontaneously as a result of the interaction between a plurality of agents. This is the basic tenet behind Swarm Intelligence [57] and various algorithms for ATM automation, based on these principles, are being devised and investigated as part of this work. These include Particle Swarm Optimisation (PSO) [58] , Ant Colony Optimisation [59] , and various other variants. These algorithms also fit nicely with evolutionary optimisation techniques and the results achieved so far are quite encouraging. It is expected that a combination of these ideas will form the basis for a practical multi agent distributed solution to the ATM problem.
A separate approach in the quest for a general ATM automation algorithm is derived from Potential Field Theory (PFT). This concept traces its origins to a 1980 Ph.D. dissertation [60] , and a 1985 seminal paper on obstacle avoidance for mobile robotics [61] by Khatib and started gaining traction in the ATM domain after it was popularised by Martin Eby [62] , [63] and several others [64] in the mid 90's.
Potential field theory can be used to emulate the behaviour of charged particles moving in free space. The rules of attraction and repulsion are based on concepts from classical electrostatics and parallels can be drawn with the ATM problem by considering aircraft, which are required to repel each other and other obstacles, and the destination aerodromes, which should attract the aircraft. The resultant scalar potential field can be visualised as a surface plot (Figure 4) , arising from the superposition of all the individual "electrostatic" influences, and can be used as an input for an optimisation process to generate a conflict-free set of aircraft trajectories.
Figure 4. Potential Field and Ensuing Trajectories
The potential field plot shown in Figure 4 shows a toy example depicting a simplified model of average population density over a city. Individual citizens of this city, (who are usually annoyed by loud aircraft engine noise), are modelled as positively electrically charged particles on the ground. This generates an "electrostatic force field", which repels the positive charge on the aircraft in question, as it flies over and out of the city. The resulting 2D trajectory (yellow) represents the optimal path over the city which minimizes the risk of complaints from the public. No interaction between aircraft is being considered in this example. (The altitude axis of each B-Spline curve is also meaningless in this plot and was forced to follow the PFT surface for the added visual effect).
The application of PFT as a means of ensuring self separation in a free flight (CD&R + ATM) scenario was investigated by NASA and by the NLR in the Netherlands [27] . It can easily be observed that this approach has the effect of uniformly dispersing conflicting aircraft in whatever airspace is available. By offering soft bounds, the slack is redistributed equitably among aircraft and some (quasi) solution is always found, rather than flagging any given scenario as intractable, which would be the case if hard separation limits are breached due to insufficient space. This graceful degradation was perceived as a beneficial feature which lends itself to higher robustness in ATM [42] .
However, PFT has its drawbacks. A glaring problem with PFT, in its simplest form, is that the composite potential field can easily end up with local minima. This problem can be appreciated in Figure 4 . The trajectory of the aircraft shown in magenta failed to exit the TMA. The reason is that local minima tend to trap most optimisers, (especially the faster types) and can hamper or stall the trajectory generation process. Navigation Functions were introduced (again in the context of robotics) by Rimon and Koditschek in 1992 [65] to remedy this problem. These are mathematically guaranteed not to have any local minima but still face some difficulties when applied to multiple agent situations requiring coordinated motion through a changeable environment. An interesting approach towards the multi-aircraft scenario involves combining navigation functions (over short time spans), with a receding horizon controller for longer trajectory spans [66] . A decentralised approach is detailed in [67] .
Experiments have also shown that (in its simplest form) PFT is unsuitable as a generic ATM trajectory generation paradigm over large swathes of airspace. Beyond near-range CD&R scenarios, PFT results in trajectories that exaggerate the importance of aircraft (and obstacle) self-separation at the expense of the actual distance travelled and fuel burn. The separation requirements may be respected, but the trajectories generated are often unrealistic for typical fixed wing aircraft with bounded thrust, rateof-turn etc... In addition, kinematic constraints are not automatically observed. This makes Multi-objective optimisation using PFT not very straight forward, unless the potential field itself can be influenced with these other requirements or constraints. Dipolar Navigation Functions were developed for this reason [67] . An alternative which has been investigated at some length is to introduce an antagonistic effect based on (nonlinear) elastic modelling of the trajectories themselves. This allows for some negative feedback and helps the system strike a balance, but it introduces new complexities, the discussion of which is beyond the scope of this paper.
There are many other algorithms that can be investigated for the ATM problem. The incomplete list includes: genetic algorithms, simulated annealing, dynamic programming, shooting methods, pseudo spectral methods and many more. But in summary, the fastest growing body of algorithms that are applicable to CATEGORY B CATM are based on numerical trajectory optimisation techniques and the focus of research over the next decade or so needs to be geared on devising ways or combinations of techniques to efficiently and collaboratively generate trajectories for large numbers of interacting aircraft flying in a cluttered time-variant environment -in real-time and on standard hardware platforms.
1B6-12
Obviously, no amount of ATFM pre-planning will ever weed out the remnant uncertainty in the system and this is where the challenge lies. Besides providing the air-traffic with a workable plan, any CATEGORY B ATM optimisation algorithm also needs an on-line branch to have the means to continually adapt to an ever changing scenario. It needs to react gracefully to external perturbation and this can only be done by employing a very long lookahead horizon and then by continually making adjustments in order to satisfy some minimum measure of trajectory separation.
Category C
This takes the level of integration of the many subsystems to a whole new level, and depends on the existence of a satisfactory CATEGORY B CATM algorithm. The higher level of integration owns up to the inescapable fact that ATM is a global conglomerate of complex interacting systems. The high degree of coupling between systems raises the complexity but also improves the efficiency.
Baggage handling systems, pricing of airline tickets, volcanoes in Iceland, airport capacity, regional politics and aircraft performance are all related in the end. The effectiveness and orderly interaction between these systems is what will ultimately filter through to the quality of service provided to the travelling customer. This is a rather scantly researched area and although the body of knowledge describing generic complex systems is rapidly growing, a comprehensive theoretical framework that is mature enough to offer useful engineering guidance to the CATM designer, is not even on the horizon yet.
For instance, airline scheduling has evolved into a refined art in the realm of operations research with many important results. So there is little point in addressing the trajectory synthesis problem in isolation. Any change in schedules will instantly invalidate the entire set of supposedly conflict-free trajectories. Hence, in the real world, an algorithm that encompasses the two aspects needs to be devised. In reality it needs to be broadened even further. So CATEGORY C CATM, must symbiotically combine trajectory synthesis with flight scheduling, ground operations, commuter demand, price structuring and other naturally-adjoined systems.
An excellent attempt to begin to make sense of the internal hierarchy inherent to all intelligent autonomous systems, can be found in the recent review paper by Veres et al. [68] . An autonomous system is viewed as a collection of interacting agents. Autonomy is defined, a taxonomy of agents types is built, implementation methods are discussed and real world case studies are presented. Agent interaction and their method of interconnection is the key element for higher forms of CATM. The flow of information between agents, the establishment of egalitarian stable equilibria between conflicting requirements of separate agents, and the dovetailing of the many interfaces, are yet other poorly addressed areas, worthy of much research.
Game theory classically provides the framework of choice when dealing with such multi-agent coordination problems. The PhD work by Waslander [69] explores the multi-vehicle collision avoidance sub-problem in the air traffic flow problem and addresses it using a decentralized, cooperative algorithm which builds on results drawn from Economic/Game Theory. The work looks at the market mechanism as a radiant example of the emergent order and self organisation which results from the competition between interacting agents (humans).
Computational ATM
Drawing from the arguments made in previous sections, the shift from airspace-oriented to trajectory-oriented operations paves the way for computational techniques that are based on trajectory optimisation, rather than airspace allocation. The major technical threshold will be the advent of real-time, continuous, and system-wide trajectory optimisation. The following sections explore the consequences of CATM adoption on the logical and physical architecture of future avionics.
The CATM Concept
Computational Air Traffic Management is envisaged as a practical, comprehensive and selfconsistent set of ATM (and ancillary) algorithms that can be used to allow a large fleet of aircraft to selforganise for conflict-free flight, while taking into account external influences, disruption and internal variability as it occurs. In contrast to conventional ATC, CATM is a self-reliant synthetic automaton.
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The first certainty is that the system will have an iterative nature in order to readapt to the constantly changing scenario ( Figure 5 ). Since the input variables to the system are impossible to model exactly, due to their complex apparently-random nature, stochastic techniques have to be used to describe them. Continuous re-convergence will be the hallmark feature of the underlying trajectory synthesis engine.
Figure 5. The Iterative Nature of CATM
Instead of synthesising and deploying a set of nominally conflict-free 4D trajectories, and then reacting to the unforeseen using (CD&R) tactical tools, CATM uses an online optimiser to continually re-adjust to the evolving scenario. This method keeps 4D trajectories well apart at all times and there will seldom be a conflict scenario to react-to tactically.
Given the nature of most numerical optimisers, there are also sound mathematical reasons for going about it this way. Most numerical optimisers are able to re-converge much faster and much more reliably, once provided with a good seed solution. The only sure way to guarantee that the next iteration reconverges rapidly to the global optimum, is to seed it with the previous solution. If the iteration time step is short enough, the problem domain would have evolved by a very limited amount, in the interim. Hence, the solution to the next iterand is bounded to a region fairly adjacent to the solution of the previous iterand.
A high update rate keeps the trajectory synthesiser operating efficiently in a locally-convex domain. However, a CATEGORY B solver needs to do more than this. A gradually evolving scenario might push the optimiser to drift into a situation that is no longer a global optimum.
For instance, a large weather cell may be causing most traffic to detour to its north. As the cell gradually moves north, the trajectories will get deflected further and perhaps become unreasonably extended, until a situation develops where it becomes more economical to deviate around the cell, on its south side. This is one pathological case where overreliance on local convexity fails miserably.
A second type of optimiser is therefore needed to also monitor the big picture and search for opportunities as they arise. Such optimisers are unfortunately slower and offer no guarantees on finding a better solution, but they can be run in parallel, albeit at a lower update rate, to assist with detecting and addressing such worst case scenarios. In the end, ATM was and will always remain a best effort attempt to find an efficient solution.
Communication Infrastructure
The inter-aircraft communication infrastructure also needs to be revamped to a level that far exceeds what is currently on the drawing board. A high bandwidth network that interconnects all aircraft and various ground stations is required. The evolution of the Internet technology teaches us a lesson on the kind of network topologies that scale up efficiently [70] . Multiply-interconnected, decentralised, ad-hoc peer-to-peer (P2P) networks can offer some of the highest levels of network scalability, resilience, capacity, and availability known. Classic clientserver architectures are not suited for the most part. This is important because with an efficient communications infrastructure, little can happen that can be truly unexpected because most phenomena evolve gradually and the system is given ample time to also adapt gradually. In addition, with the ability of staying vigilant for all external influences on the system, the limited amount of slack in the system can be carefully rationed in a way that introduces much more room for recovery, should the unexpected begin to arise.
The CATM communications infrastructure also presents an excellent opportunity to revamp the halfcentury-old flight data recorder (FDR) concept. The continuous, high update rate, status transmissions effected by each and every aircraft can easily be 1B6-14 recorded by all peers in a cluster. This multiple redundancy removes the need of heavily armouring these FDRs whilst insuring against the loss of such data in the event of an accident. Additionally, from a communications perspective, such distributed recording is more technically feasible than direct data streaming to distant ground stations, as was recently proposed [71, 72] following the southern Atlantic Air France Flight 447 accident where the flight recorder was lost in the deep ocean, and was only recovered recently at great cost.
Standardisation of the CATM lingua franca is part of the game. A universally accepted descriptor for the Business Trajectory is required before a CATM data packet structure can be defined.
CATM Trajectory Descriptors
Since trajectory synthesis and optimisation ultimately needs to be computed in finite time using digital avionics hardware, some form of trajectory parameterisation is required to reduce to search space to reasonable levels. CATM also requires a versatile, compact and deterministic method for describing trajectories. This allows for efficient storage, processing and exchange of large numbers of trajectory contracts and intermediate partial results across the distributed CATM Processing Grid.
A very promising patented approach that is being explored by Northrop Grumman for UAV applications [73] is also being researched as part of this project. The concept is to employ well behaved interpolators such as Bezier curves, B-Splines or better still, Non-Uniform Rational B-Splines (NURBS) to describe trajectories using relatively few 4D knots or nodes while retaining a very rich repertoire of possible trajectory shapes. Such curves also exhibit the very useful property that guarantees that the interpolated trajectory is fully enclosed within the convex hull produced by the knots defining the curve. If the hulls can be shown not to intersect, then the resulting trajectories are mathematically guaranteed to be conflict free. This can greatly simplify formal verification at a later stage. The hulls form a tubular polytope that joins the departing point to the destination. The finite number of vertices of the polytope defines the 4D NURBS trajectory contained within it, which can be uniquely generated at an arbitrarily high resolution or as necessary.
Decentralised CATM
Everything in CATM revolves about the need for substantially higher system update rates. This can, in turn, only be accommodated by pooling the computational resources across many aircraft to form a high performance computing grid that collaborates to generate a communal solution. This provides an excellent opportunity to combine the situational, environmental and atmospheric data gathered by all the aircraft in the pool.
Much has been published about the merits and demerits of distributed or decentralised control and the reader is invited to view [67, [74] [75] [76] [77] [78] [79] for an in depth treatment. Although related, distributed control must not be confused with the notion of swarm theory. Distributed processing of an algorithm does not imply swarm intelligence, even though the converse is always true.
Decentralisation brings with it the resilience, capacity, performance and scalability it takes to get CATM off the ground, but it also introduces a new level of complexity, in that the optimiser algorithms must now be designed such that their performance scales linearly with the addition of computational resources. Algorithms designed to run on a single threaded, von-Neuman processor are often inadequate or inefficient in the multiprocessor domain. This creates a new avenue for research into distributed but collaborative trajectory optimisation [76] . A number of research threads are being investigated as part of this work.
Airborne CATM
It should be clear by now that by "decentralised" we also mean taking CATM airborne ( Figure 6 ). This is a big paradigm shift for the ATM community, but in reality there is no other practical way of achieving CATM. This is also quite different from free flight where ATM is largely dispensed-with altogether and replaced with the pilot's discretion and tactical CD&R. In contrast CATM maintains very tight strategic control of all aircraft behaviour.
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Figure 6. An Airborne Distributed Processing
Grid for CATM An air-network-centric solution is the only reasonable way of adhering to the principle of (network) locality [80] . It would be unreasonable to assume that an aircraft flying across eastern Canada needs to know any of the details about a flight between Rome and Moscow. At the same time, it is true that they may be related, and that they may affect each other in some indirect way. It is also true (as hereby proposed) that the global air traffic system will form a network that contributes towards a single distributed processing grid on which CATM is hosted, but this is where locality comes into it.
The influence that one side of the world's traffic exerts on the rest, need not be communicated directly. The effect is largely localised, and the further away one flies from flight XY123, the less it matters. Practical CATEGORY B algorithms are being designed to take advantage of this fact.
The global air traffic system consists of around 20,000 airliners, 100,000 military aircraft and over 300,000 active general-aviation aircraft. If we only consider airliners, one can safely assume that half of them are airborne at any point in time. Now, if each one holds a modern high performance avionics-grade CATM-compliant computer on board, this represents a massive amount of aggregate processing power which is deployed right where it is needed.
Collaborative CATM
The collaborative element of CATM goes hand in hand with its decentralised nature and ensures that the trajectory solutions found for every aircraft are equitably balanced among the interests of every airline and aircraft. The CATM numerical computational tasks are also collaboratively shared among all aircraft. Information is requested and mutually shared as necessary by every aircraft running the CATM algorithm. Since certification guarantees that all aircraft operating in a particular airspace must be conformant to the same set of specifications, the risk of having one aircraft departing from a prescribed set of egalitarian CATM rules to take advantage of its peers, should be negligible.
One exception is the case of equipment failure where one aircraft may become unresponsive to the requests sent by the others. In this case, CATM defaults to a surveillance mode, where all aircraft in the vicinity of the damaged peer use their on-board radar to locate, track and take into account all its motion. Its intent is inferred in real-time and all the information gathered is shared on the CATM network to generate a set of trajectories avoiding the errant peer.
Grid-Avionics and CATM
CATM will spur a new generation of gridconnected avionics hardware. For the first time in aviation history, the cockpits of passenger aircraft will be carrying processors with performance which matches those found in most homes. Yes, for the cockpit, processors will need to be formally verified, radiation hardened, quadruplex redundant, 100% tested, and they will of course cost the earth, but they will also be indispensable and will still cost far less than what ATM costs the travelling public today. The world of high performance computing has moved a lot since ATM was conceived and it is high time that the latter catches up to explore the possibilities. More aircraft in the air implies higher system complexity but it also means more computational resources to dedicate to the problem. Whether the combinatorial increase in complexity outstrips the linearly increasing computing capacity is another worthwhile research question that is being looked into.
The specific architecture of a CATM-compliant avionics node, will ultimately depend on the particular CATEGORY B/C algorithm it needs to run. Heterogeneous multiprocessor computing is however a certainty, given the direction the electronics world seems to be taking. Low cost, low power, high performance, multi-core computing is now a reality with several General Purpose Graphics Processing Units (GPGPU) offerings from Nvidia Corp. and 1B6-16 AMD Inc. taking the prominent spot in the processor charts. The only difficulty with these architectures is that their performance critically depends on the efficiency of inter-processor communications. Thus, unless algorithms are expertly hand-crafted to exploit the underlying processor substructure, the result is un-impressive. On the other hand, when done right, the performance gains are truly staggering. In one experiment involving a swarm of 500 interacting aircraft, a speed-up of 12,500 was observed over standard Matlab m-code using a Nvidia GPU array. Field Programmable Gate Arrays (FPGAs) are also somewhat related, can better match the problem, but are slightly harder to program and interface.
A GPGPU-based CATM simulator is being constructed using a triple-rank heterogeneous architecture that closely reflects a future CATM grid.
Future Trends in Demand
A rough (but conservative) back-of-the-envelope calculation based on currently available data, [81] [82], quickly shows that even if the world population stays static, the potential for growth in air traffic is enormous. If China, India and Indonesia alone reach the same average level of revenue passenger miles (RPM), per year, per capita to just match the average United States citizen, today, we can expect a tenfold increase in air traffic volumes. This assumes (quite unrealistically) that the rest of the world stays put and that the demographics do not change from 2011 levels.
Eastern European countries are also quite populous (~300M), and as they become more affluent, they are clearly moving on the path of rapid expansion in air travel rates (Figure 7 ). In this case, their added effect compounds an already heavily congested region. So the short answer to Steve Zerkowitz's 2001 question [28] is a resounding: Yes! Because there is nothing currently on any engineer's drawing board that can handle such an increase in demand, safely.
The current SESAR and NextGen initiatives are undoubtedly necessary steps towards the modernisation of the ATC System. However, this is certainly not the end game. These are by no means going to provide us with the system we will need, to handle 2100 or even 2050 traffic. Small incremental changes and improvements to the current ATM system are justifiably rooted in good engineering practice, but they can only take us so far. In the meantime, a new autonomous ATM paradigm needs to be researched, devised and gradually phased in. But before any of this can happen, an in depth understanding of the underlying science and engineering relevant to producing such systems is essential. This field is clearly still in its infancy and the more exciting times have yet to come.
Conclusions and Future Work
A new operational concept has been presented for a (distant?) future ATM system. This is based on an extrapolation of the progress which has occurred over the past three decades. A number of fundamental requirements have been laid out based on customer expectations rather than human controller limitations. A clean sheet approach has then been adopted in order to break free from the legacy that continues to confine the ATC community's imagination. This allows a new system to be designed based on fundamental requirements, rather than continuity with the past.
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The evolution of the proposed CATM concept has been organised into three phases and candidate technologies have been categorised in the same manner. A number of candidate CATEGORY B CATM trajectory optimisation algorithms have been devised and are currently being evaluated through fast-time simulation. The methodology adopted includes the staged integration of simplified place-holder models for air-traffic patterns, atmospheric effects, weather, ground delays, fixed-wing aircraft kinematics for the average airliner and airspace restrictions based on those found on the European Continent.
It is not expected that the results will be directly comparable to today's traffic. However, every effort is being made to develop this project into a useful CATM simulator that reflects the problems that are typically encountered in the real world. Several what-if scenarios can then be evaluated in the context of the various algorithms, trajectory descriptors, agent collaboration paradigms and system architectures. A theoretical foundation for CATM is also being developed.
